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ABSTRACT Liquid-liquid phase separation of intrinsically disordered proteins (IDPs) is a major undergirding factor in the reg-
ulated formation of membraneless organelles in the cell. The phase behavior of an IDP is sensitive to its amino acid sequence.
Here we apply a recent random-phase-approximation polymer theory to investigate how the tendency for multiple chains of
a protein to phase separate, as characterized by the critical temperature T ∗cr, is related to the protein’s single-chain average
radius of gyration 〈Rg〉. For a set of sequences containing different permutations of an equal number of positively and neg-
atively charged residues, we found a striking correlation T ∗cr ∼ 〈Rg〉
−γ with γ as large as ∼ 6.0, indicating that electrostatic
effects have similarly significant impact on promoting single-chain conformational compactness and phase separation. More-
over, T ∗cr ∝ −SCD, where SCD is a recently proposed “sequence charge decoration” parameter determined solely by sequence
information. Ramifications of our findings for deciphering the sequence dependence of IDP phase separation are discussed.
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The biological function and disease-causing malfunction
of proteins are underpinned by their structures, dynamics,
and myriad intra- and inter-molecular interactions. Many
critical cellular functions are carried out by intrinsically dis-
ordered proteins or protein regions (collectively abbrevi-
ated as IDPs here) with sequences that are less hydrophobic
than those of globular proteins but are enriched in charged,
polar, and aromatic residues (1–6). At least 75% of IDPs
are polyampholytes (7, 8) in that they contain both posi-
tively and negatively charged residues (9, 10). Accordingly,
electrostatic effects are important in determining individ-
ual IDPs’ conformational dimensions (8, 11, 12) and bind-
ing (13, 14). Charge-charge interactions are often significant
in the recently discovered phenomenon of functional IDP
liquid-liquid phase separation as well (15–22). IDP phase
separation appears to be the physical basis of membraneless
organelles, performing many vital tasks. Recent examples
include subcompartmentalization within the nucleolus (22)
and synaptic plasticity (21). Malfunction of phase separation
processes can lead to disease-causing amyloidogenesis (18)
and neurological disorders (21). Speculatively, membrane-
less liquid-liquid phase separation of biomolecules might
even have played a role in the origins of life (23).
Electrostatic effects encoded by a sequence of charges de-
pend not only on the total positive and negative charges or
net charge (24, 25) but also the charge pattern (8). For IDPs,
this was demonstrated by Das and Pappu who conducted
explicit-chain, implicit-solvent conformational sampling of
thirty different sequences each composing of 25 lysine (K)
and 25 glutamic acid (E) residues (termed KE sequences
hereafter). They found that the average radius of gyration,
〈Rg〉, is strongly sequence-dependent, and is correlated with
a charge pattern parameter κ that quantifies local deviations
from global charge asymmetry (8). A subsequent analytical
treatment of the KE sequences by Sawle and Ghosh rational-
ized the trend through another charge pattern parameter “se-
quence charge decoration” (SCD) that also correlates well
with 〈Rg〉 (26). For IDP phase separation, a recent sequence-
dependent random-phase-approximation (RPA) approachwe
put forth (27, 28) accounted for the experimental differ-
ence in phase-separation tendency between the wildtype and
a charge-scrambled mutant of the 236-residue N-terminal
fragment of DEAD-box RNA helicase Ddx4 (16).
These advances suggest that a deeper understanding of
the fundamental relationship between single- and multiple-
chain IDP properties is in order. It would be helpful, for
instance, if experiments on single-chain properties can in-
fer the conditions under which a protein sequence would
undergo multiple-chain phase separation. We embark on
this endeavor by first focusing on electrostatics, while leav-
ing aromatic and other π-interactions—which can figure
prominently in IDP behavior (16, 27, 29)—to future ef-
fort. To reach this initial goal, we apply RPA to the thirty
KE sequences of length N = 50 to ascertain their phase-
separation properties under salt-free conditions. Adopting
our previous notation and making the same simplifying as-
sumption that amino acid residues and water molecules are
of equal size in the theory (27, 28), the free energy FRPA
of the multiple-chain system of a given polyampholytic
sequence with charge pattern {σi} = {σ1, σ2...σN},
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FIGURE 1 (a) Coexistence curves computed by RPA for KE sequences 1–30 in (b), listed in descending order of T ∗cr (except se-
quences 23 and 24 which have the same T ∗cr), with K and E residues in red and blue, respectively; those with T
∗
cr < 0.55 (corre-
sponding to T < 300 K when ǫr = 80) are shown on a grey background in (b). The “sv” sequence labels are those in Ref. (8). Critical
points (T ∗ = T ∗cr) for several high-T
∗
cr sequences are marked by circles in (a). (c) Logarithmic correlation between RPA-predicted T
∗
cr
and 〈Rg〉 simulated in Ref. (8) (green circles). The fitted line (blue) is − lnT ∗cr = −18.4 + 5.83 ln〈Rg〉 with squared Pearson coefficient
r2 = 0.92. The dashed horizontal line represents T ∗cr = 0.55.
where σi = ±1 is the sign of electronic charge of the ith
residue, is given by [see Eqs. (13) and (40) of Ref. (28)]:
FRPAa
3
V kBT
=
φm
N
lnφm + (1− φm) ln(1− φm)
+
∫
∞
0
dkk2
4π2
{ln [1 + G(k)]− G(k)} , (1)
where a = 3.8A˚ is the Cα-Cα distance, V is system vol-
ume, kB is Boltzmann constant, T is absolute temperature,
φm = ρma
3 is the volume ratio of amino residues wherein
ρm/N is protein density, and
G(k) = 4πφm
k2(1 + k2)T ∗N
N∑
i,j=1
σiσj exp
(
−k
2
6
|i−j|
)
.
(2)
Here T ∗ ≡ a/lB is reduced temperature; the Bjerrum length
lB = e
2/(4πǫ0ǫrkBT ) where e is elementary charge, ǫ0 is
vacuum permittivity, and ǫr is relative permittivity (27, 28);
ǫr ≈ 80 for water but can be significantly lower for water-
IDP solutions (28). Here ǫr is treated largely as an unspec-
ified constant because our main concern is the relative T ∗crs
of different sequences.
We determined the phase diagrams of the 30 KE se-
quences from the free energy expression Eq. (1) using stan-
dard procedures (28). For each sequence, the highest tem-
perature on the coexistence curve is the critical temperature
T ∗cr, which is the highest T
∗ at which phase separation can
occur (Fig. 1(a)). The critical temperatures of the KE se-
quences are highly diverse, ranging from T ∗cr = 0.089 (sv1)
to 8.570 (sv30). The variation of critical volume fraction
φcr ≡ φm(T ∗cr) from 0.0123 (sv30, sv24) to 0.0398 (sv1)
is narrower. The KE sequences were originally labeled as
sv1, sv2, . . . , sv30 in ascending values for Das and Pappu’s
charge pattern parameter κ, from the strictly alternating se-
quence sv1 with κ = 0.0009 (minimum segregation of op-
posite charges) to the diblock sequence sv30 with κ = 1.0
(maximum charge segregation) (8). Our RPA-predicted T ∗crs
follow largely, though not exactly, the same order: sv1 and
sv30 have the lowest and highest T ∗crs, respectively; but, e.g.,
sv24 rather than sv27 has the fourth largest T ∗cr and sv5, not
sv2, has the second lowest T ∗cr. If ǫr = 80 is assumed, RPA
predicts that 21 KE sequences can, but 9 KE sequences can-
not phase separate at T > 300 K (Fig. 1(b,c)).
Because 〈Rg〉 correlates positively with κ (8), the present
T ∗cr trend suggests that multiple-chain T
∗
cr should corre-
late with single-chain 〈Rg〉. Indeed, a striking correlation
(Fig. 1(b)) satisfying the approximate power-law
T ∗cr ≈ 9.8× 107〈Rg〉−5.83 , (3)
with Rg in units of A˚, is observed for the KE sequences.
The variation of T ∗cr with 〈Rg〉 is very sharp: T ∗cr increases
∼ 100 times while 〈Rg〉 decreases by . 50%. Qualitatively,
the positive (T ∗cr)–〈Rg〉 correlation may be understood by
considering two extreme cases: The diblock and the strictly
alternating sequences (Fig. 2). For the diblock, attractive
interactions are absent—cannot be satisfied—within most
stretches of several (e.g.< 6) residues. However, once a pair
of opposite charges are in spatial proximity, chain connectiv-
ity brings two oppositely charged blocks together, leading to
a strong Coulomb attraction, thus a small 〈Rg〉 and a higher
tendency to phase separate (higher T ∗cr). In contrast, for the
strictly alternating sequence, attractive Coulumb interactions
that are already weakened relative to that of the diblock se-
quence require more conformational restriction, resulting in
more open, large-〈Rg〉 single-chain conformations and less
tendency to phase separate (lower T ∗cr).
It is instructive to compare the predictive power
of κ and another charge pattern parameter SCD ≡∑N
i<j σiσj
√
j − i/N that has emerged from the analysis of
Sawle and Ghosh (26). The two parameters are well corre-
lated (r2 = 0.95, see Fig. 7 of Ref. (26)), yet the variation
of both T ∗cr and 〈Rg〉 of the KE sequences is significantly
smoother with respect to SCD than κ (Fig. 3). For example,
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FIGURE 2 Schematics: similar electrostatic effects are at play
in single-chain compactness (left) and multiple-chain phase
separation (right). Top: Long stretches of like charges entails
strong intra- and interchain attractions (grey areas). Favorable
intrachain interactions are among residues nonlocal, i.e., more
than a few residues apart, along the chain sequence. Most lo-
cal interactions are repulsive because of the charge blocks.
Bottom: Attraction within and among polyampholytes that lack
long charge blocks are weaker. Overall attractive interactions
now require conformationally restrictive charge pairings and
are weaker because of repulsion from neighboring like charges.
despite the large variation in κ for sv24, sv26, and sv28
(0.45, 0.61, and 0.77, respectively), their 〈Rg〉 = 17.6, 17.5,
and 17.9A˚ (8), and their T ∗cr = 5.16, 5.08, and 5.18 are al-
most identical (Fig. 3(b)). This similarity, however, is well
reflected by their similar SCD = −17.0, −16.2, and −16.0.
Indeed, a near-linear relationship (r2 = 0.997),
T ∗cr ≈ −0.314(SCD) , (4)
is observed (Fig. 3(b)). A likely origin of SCD’s better per-
formance is that it accounts for potential interactions be-
tween charges far apart along the sequence whereas κ relies
on averaging over 5 or 6 consecutive charges. Accordingly,
SCD is less sensitive than κ to isolated charge reversals. The
rather smooth SCD–〈Rg〉 dependence is remarkable because
the simulated 〈Rg〉 (8) bears no formal relationship with the
variational theory from which SCD emerges (26). Future ef-
fort should be directed toward further assessment of these
and other possible charge pattern parameters (31) as predic-
tors for IDP conformational properties.
In summary, we have quantified a close relationship be-
tween single-chain conformational compactness of polyam-
pholytes and their phase separation tendency. The aboveRPA
results were derived with a short-range cutoff for Coulumb
interactions to account for residue sizes (28, 30). If we had
adopted an unphysical interaction scheme without such a
cutoff, similar trends would still hold although the scaling
relations Eqs. (3) and (4) would be modified, respectively,
to T ∗cr ∼ (Rg)−3.57 and T ∗cr ≈ −0.490(SCD). Thus, in any
event, basic physics dictates a rather sharp positive correla-
tion between T ∗cr and 〈Rg〉. This connection should be fur-
-SCD
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FIGURE 3 Charge-pattern parameters. (a) Single-chain 〈Rg〉 in
(8) versus the κ parameter of Das and Pappu (8) (top horizontal
scale) and the SCD parameter of Sawle and Ghosh (26) (bottom
scale for −SCD). (b) Variation of RPA-predicted T ∗cr with κ (left
vertical scale) and −SCD (right vertical scale).
ther explored by both theory and simulation (31, 32) to help
decipher the sequence determinants of IDP phase separation.
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